For decades, researchers have documented significant skews in the production of male versus female offspring in many species. Because males and females are differentially susceptible to environmental challenges and also represent different fitness benefits, it may be beneficial to exert control over the offspring sex ratio when environmental conditions become challenging. Some of the most dramatic environmental challenges occur on a seasonal basis. Indeed, seasonal variation in offspring sex ratios has been documented in both mammalian and nonmammalian species. The seasonal environmental factor (or factors) that drives the skews in sex ratios is unknown; however, it is essential that such a cue be predictable and reliable and that it does not vary from year to year. We hypothesized that photoperiod, a stable cue of seasonal changes in temperature and resource availability, may underlie seasonal variation in offspring sex ratios of mammals. We predicted that short day lengths in particular, which signal impending winter conditions and related energetic demands, would stimulate an anticipatory skew in the offspring sex ratio. We used Siberian hamsters as models because they are phenotypically responsive to photoperiod but up to 60% of females continue to breed during the winter. The sexes of weanling hamsters conceived and raised in short, winterlike day lengths were significantly skewed toward males. Furthermore, these skews occurred before birth; embryos collected from pregnant females maintained in shortday conditions were also significantly male biased. Thus, photoperiod functions as an effective seasonal cue, stimulating sex ratio skews toward males when day lengths are short.
Introduction
One of the most striking instances of parents influencing offspring phenotype is the manipulation of offspring sex; evidence supporting this effect has emerged time and time again in a variety of animals (Clutton-Brock 1986; Clutton-Brock and Iason 1986) . The adaptive significance and the mechanisms responsible for sex ratio manipulation remain unclear. However, discussions of adaptive theories regarding sex allocation across taxa are numerous (Trivers and Willard 1973; Clark 1978; Myers 1978; Silk 1984; van Shaik and Hrdy 1991; reviewed in Sheldon 1999; Sykes 2007; Wild and West 2007) . Mechanistic studies in birds are getting closer to a reconciliation of how avian sex ratios are manipulated. Similar mechanistic studies in mammals are still in the hypothetical stage (but see James 1996; Bacon and McClintock 1999; Gomendio et al. 2006) , and equivocal findings in the directionality of mammalian sex ratio adjustment make interpretation in an adaptive context difficult (Wild and West 2007) . A common thread among adaptive theories of sex allocation in both mammalian and nonmammalian species is that changes in the ability to acquire necessary resources-whether through changes in resource availability (e.g., Austad and Sunquist 1986; Kilner 1998) , resulting female condition (Trivers and Willard 1973), competitive environment (e.g., Clark 1978; Lambin 1994) , or the presence or absence of helpers (e.g., Komdeur et al. 1997; Griffin et al. 2005 )-serve as stimuli toward the manipulation of offspring sex ratios.
A particularly dramatic source of natural variation in resource availability and energy consumption occurs on a seasonal basis in nontropical environments. Individuals of many nontropical species experience large seasonal fluctuations in food availability, thermoregulatory requirements, and related energy demands. Thus, offspring sex ratios may be adjusted on a seasonal basis in animals that breed throughout the year and on a temporal basis within the breeding season in animals with restricted periods of breeding. Indeed, seasonal variation in offspring sex ratios has been reported in both mammalian (McShea and Madison 1986; Drickamer 1990; Lerchl 1998; Cagnacci et al. 2005 ) and nonmammalian (Mrosovsky et al. 1984; Daan et al. 1996; McCabe and Dunn 1997; Pen et al. 1999) species.
Although food abundance and/or energetic constraints associated with winter conditions might be obvious choices as potential cues that could stimulate sex ratio adjustment, these factors are not predictable, displaying large variation from year to year. For sex ratio adjustment to evolve in a natural environment, a predictable and reliable cue on which to base that adjustment is necessary (West and Sheldon 2002) . Photoperiod is a consistent cue that is used by animals to anticipate seasonal changes in resource availability and adjust the timing of costly behavioral and physiological activities (Bartness et al. 1993) . There is evidence that mechanisms exist that permit photoperiod information to reach developing offspring in utero in mammals Lee et al. 1989; Stetson et al. 1989) . For example, in montane voles, meadow voles, and Siberian hamsters, exposure to short day lengths (SDs) influences testicular sensitivity to future photoperiodic changes in male offspring, and this effect can be similarly evoked through maternal melatonin injections . Consequently, we predict that mechanisms to skew sex ratios in response to photoperiod may also exist.
Siberian hamsters (Phodopus sungorus) are seasonal mammals that use photoperiod to anticipate impending winter conditions. Upon exposure to short photoperiods, Siberian hamsters exhibit a suite of physiological changes, including reproductive involution and changes in body mass, pelage color, metabolic efficiency, and immune function (reviewed in Nelson and Demas 1996; Bartness et al. 2002) . In the wild, up to 60% of females may reproduce during the winter months, and captive females produce litters in temperatures as low as Ϫ20ЊC (Ross 1998) . As a result, it is likely that hamsters reproducing during the early breeding season, when day lengths are long, would employ different reproductive strategies than hamsters reproducing out of season during the late fall/early winter, when day lengths are declining.
If photoperiod is an effective cue that stimulates sex ratio adjustment in Siberian hamsters, then we would make the following predictions. Assuming that it is adaptive to produce more of one sex during a time of resource limitation, we would predict that hamster pairs would vary offspring sex ratios on a seasonal basis according to photoperiod, which acts as a reliable predictor of such resource limitation each year. In particular, we expected to see sex ratio biases when hamsters were exposed to SDs, which occur each year before the onset of winter conditions and related energetic challenges. To determine whether day length influences the quantity of male versus female offspring produced, we monitored weanling sex ratios of offspring produced by Siberian hamster pairs maintained in long day lengths (LDs) and SDs through two consecutive litters, one produced immediately after transfer into the respective photoperiods and one produced several weeks after the transfer. Additionally, we quantified embryonic sex ratios of offspring produced by pairs maintained in SDs to determine whether sex ratio skews occur before birth in response to day length.
Methods

Animals
Siberian hamsters (Phodopus sungorus) were derived from a breeding colony maintained at Ohio State University. Siberia, in 1988 Siberia, in , 1989 Siberia, in , and 1990 . Breeding of the hamsters at Ohio State University was performed by laboratory staff. Hamsters were randomly mated but never mated closer than with a second cousin. Before the inception of the experiment described here, the colony was never less than 100 individuals. Thus, the F 1 population was composed of individuals that were not subjected to assortative mating but that may have experienced an unspecified degree of inbreeding. Following the onset of the experiment, hamsters were housed in pairs at a constant temperature of C 21Њ ‫ע‬ 2Њ and humidity of and with ad lib. access to food 50% ‫ע‬ 5% and water.
Experiment 1
Forty Siberian hamster males and females born in LDs (16L : 8D) were maintained in LDs until reproductive maturity. For Siberian hamsters, LDs are required to prime the reproductive system and induce reproduction, so after initial exposure to LDs throughout development, hamsters were then paired and immediately either returned to LDs ( ) or transferred to SDs n p 20 (8L : 16D;
). Females were monitored for signs of pregn p 20 nancy and parturition, and, upon parturition, date of conception was calculated by counting back the 19-d gestation time. Most initial conceptions occurred within 2 d after pairing and transfer, and only one animal took 14 d to conceive (range p 2-14 d, mean p 3 d).
Because initial conceptions occurred so soon after initial transfer (2 d), we analyzed sex ratios of the second litters produced by the hamster pairs to make sure that pairs had the necessary period of time to adjust phenotypically and behaviorally to the new SDs. Thus, immediately after weaning of offspring from the initial litter, all pairs were monitored daily for the signs of a second pregnancy and parturition. Conception of a second litter took a maximum of 20 d after initial pairing and separation into treatment groups (range p 14-20 d, mean p 18 d). Offspring were collected at 21 d of age, killed via CO 2 asphyxiation, and sexed visually through dissection techniques based on the presence/absence of ovaries or testes.
During breeding, maternal aggression is common in Siberian hamsters (Gammie and Nelson 2005) and often results in the death and consumption of the male and the offspring themselves. This occurred with eight litters (two LD litters and two SD litters from experiment 1, and four SD litters from experiment 2), making it impossible to determine the weanling sex ratio with confidence. These litters were eliminated from the analyses. It is possible that such maternal aggression occurred as a result of the pair housing of the animals after gestation, because Siberian hamster males are usually polygynous and exhibit very little paternal care (Wynne-Edwards 1995). In ad- Figure 1 . Siberian hamster DNA sex identification using PCR with two sets of primers. Presence of an SRY band and an 18S band indicates a male, while presence of only an 18S band indicates a female. Bands resulting from both SRY and 18S primers were initially tested using genomic DNA from adult males and females where sex was known and are shown in this figure. dition, maternal aggression in a captive situation does appear to increase when pairs are maintained in SDs (J.L. Workman, personal communication).
Experiment 2
To pinpoint whether sex ratio adjustment occurs before or after birth, it was necessary to quantify offspring sex ratio prenatally. Using 14 SD hamsters from experiment 1, conception and pregnancy of a third litter was timed on the basis of the date of birth of previous litters. Siberian hamsters mate during postpartum estrus (Ross 1998) , which facilitates the estimation of pregnancy progression. Pregnancy was estimated by abdominal swelling and rigidity, which was observed on a daily basis. Females were killed by CO 2 asphyxiation, after which all offspring were removed, counted, and stored in 70% ethanol for future genomic DNA extraction and molecular sex analysis. A majority of offspring collected were at an intermediate embryonic stage of development estimated to be between Theiler stages 15 and 19 (Theiler 1989) on the basis of examples of mouse embryonic development. On the basis of stage estimates, embryos were collected at an average of 11.4 ‫)4.1ע(‬ d after conception (range p 8.5-16.2 d). At the onset of this experiment, because of an initial lack of experience with pregnancy estimation, four females were killed who did not have any visual embryos. Additionally, because litter production declines after two to three litters in both SD and LD animals (Hegstrom and Breedlove 1999) , two females did not breed and progressed into a SD phenotype with a white pelage color. The remaining eight females conceived approximately 80 d after initial transfer into SDs.
Molecular Sexing of Hamster Fetuses
Genomic DNA was extracted from embryos according to methods described in Lambert et al. (2000) . Briefly, the fetal liver was dissected and ∼10 mg was cut and transferred to a 2.0-mL centrifuge tube containing 100 mL TKM buffer (10 mM Tris pH 7.6, 10 mM KCL, 2 mM EDTA, 4 mM MgCl 2 ). Cells were homogenized by hand and 400 mL TKM and 37.5 mL SDS 20% were added. The tube containing the tissue was then incubated at 55ЊC for 10 min to denature the proteins. Proteins were precipitated by adding 200 mL saturated NaCl solution (∼7 M) and centrifuging for 5 min at 13,000 g. Next, 500 mL of the supernatant was transferred into a fresh 1.5-mL centrifuge tube containing 900 mL 100% EtOH to precipitate the DNA. DNA was pelleted by centrifugation for 5 min at 13,000 g. Ethanol was removed by vacuum aspiration, carefully avoiding the DNA pellet, and the pellet was then dissolved in 20-100 mL Tris-EDTA buffer and incubated for 10 min at 55ЊC. DNA concentration and quality were assessed using a Nanodrop spectrophotometer (Wilmington, DE).
Primers were developed to recognize and amplify a portion of SRY, a gene found only on the Y chromosome. The following primers were designed corresponding to the portion of the mouse coding sequence found to be most highly conserved by comparing protein sequence homology between published mouse and human sequences: forward: 5 -GTCAAGCGCCCC-ATGAATGCATTT-3 ; reverse: 5 -CTCCTGGAAAAAGGGCC-TTTTTTCGGCTTCTGT-3 . These primers produced an amplicon approximately 200 bp in length. For PCR amplification, we used a reaction volume of 25 mL containing 12.5 mL Amplitaq gold PCR Mastermix (Applied Biosystems, Foster City, CA; P/N 4316753), 10.5 mL DNA plus water to equal 1.5 mg DNA template, and 1 mL of each primer at a 0.2 mM concentration. Reaction cycles consisted of 95ЊC for 10 min followed by 35 cycles of 95ЊC for 30 s, 50ЊC for 30 s, and 72ЊC for 1 min, and ending with one cycle of 75ЊC for 5 min. To ensure the quality of the extracted DNA, separate reactions were run under identical reaction conditions using control primers from the 18S ribosomal RNA control kit from Applied Biosystems (P/N 4308329), which produced an amplicon approximately 250 bp in length. Bands were visualized on an agarose gel containing 1% ethidium bromide (Fig. 1) . DNA samples that did not produce an 18S band were discarded, and new DNA was extracted using tissue from the same individual. Reliable sexes were obtained from 54 samples from eight litters. Usable DNA could not be obtained from one individual in two litters; however, statistical analyses revealed similar results regardless of the sex of both individuals. This procedure was validated using DNA from known males and females.
Statistical Analyses
To analyze sex ratio data from experiments 1 and 2, the proportion of males was calculated for each litter. Then, all proportions were averaged for each treatment group to get a final proportion. For experiment 1, these data were then arcsine transformed and compared among treatment groups using a generalized linear model (GLM). In addition, the untransformed data were compared for each group with an expected random ratio of 50 : 50 using x 2 analyses. Because LD litters did not differ from a random ratio in experiment 1, only SD Figure 2 . Proportion of male offspring produced by Siberian hamster pairs during two consecutive litters. Siberian hamster pairs initially born in long day lengths (LDs; 16L : 8D) were paired at maturity and immediately either returned to LDs or moved to short day lengths (8L : 16D). Data shown are from second-litter offspring conceived after approximately 20 d in respective photoperiod treatments. Proportion of male offspring is compared among treatments, between litters, and with an expected random percentage of 50%. Sample sizes included in the bars represent litter numbers, and the asterisk signifies a ! . 0.05 Figure 3 . Proportion of male offspring collected before parturition from pregnant Siberian hamster females maintained in short day lengths (8L : 16D) compared with an expected random percentage of 50%. The sample size indicated within the bar represents litter number, and the asterisk indicates a significant difference ( ). P ! 0.05 litters were quantified for experiment 2, and the average male proportion was compared with a random sex ratio of 50 : 50 using x 2 analyses. Methods of analyzing sex ratio data are often controversial. Wilson and Hardy (2002) raise concerns about using x 2 analyses to analyze sex ratio trends, particularly because sample sizes are not represented using this method. Only data from experiment 1, which contained data from both LD and SD treatments, lent themselves to GLM procedures of statistical analyses as recommended by Wilson and Hardy (2002) , so these results are provided. However, we also retained the x 2 analyses to allow for easy comparison between both experiments. Differences in litter sizes were analyzed between treatment groups in experiment 1 and between LD pairs in experiment 1 and SD pairs in experiment 2 using an unpaired t-test. Comparisons between SD animals in experiments 1 and 2 were done using a paired t-test. All analyses were performed using Statview and JMP statistical software (SAS Institute, Cary, NC).
Results
Experiment 1
Sex ratios of second litters, which were conceived approximately 20 d after pairing, were significantly different among pairs in the two photoperiod treatments; pairs maintained in SDs produced 67% males, which differed significantly from both a 50 : 50 ratio ( , ) and ratios produced by their cohorts 2 x p 5.952 P p 0.01 maintained in LDs, which produced 49% males (GLM: goodness of fit p 0.22, ; , ; Fig. 2 ). Of 2 P p 0.01 x p 6.65 P p 0.01 LD litters, 50% were 160% male, compared with 77% of SD litters that were 160% male. Similar numbers of pairs from both treatments had litters (LD p 14, SD p 13), and there were no differences in litter sizes between treatment groups (LD p 7.33, SD p 7.33, , ; Fig. 4 ). t p 0 P p 1.0
Experiment 2
Embryos were collected and successfully sexed from a total of 8 SD females. Embryos collected from SD females were 65% male, which again differed significantly from a 50 : 50 ratio ( , ; Fig. 3 ). In total, 64% of litters were male 2 x p 4.60 P p 0.03 biased, and over half of the litters were 186% male. Litter sizes of offspring collected in utero were statistically similar to those produced by the same females in litter 2 ( , ; Fig.  t ! 0.88 P ! 0.41 4), and they were also similar to litter sizes produced by LD pairs in experiment 1 ( , ) in which the sex t p 0.349 P p 0.73 ratio was not biased from a 50 : 50 ratio.
Discussion
In experiment 1, we tested the hypothesis that Siberian hamster pairs significantly skew the sex ratios of offspring at the weanling stage when maintained in SDs. SD litters that were conceived after approximately 3 wk of acclimation to the SDs were significantly skewed toward males, whereas LD litters were statistically similar to a random sex ratio. Thus, only pairs that experienced the photoperiod shift skewed offspring sex ratios toward males. It is possible that an interaction between parity and exposure to SDs was responsible for the shifts we see in offspring sex ratios. Still, these data suggest that offspring sex ratio manipulation at the weanling stage is plastic and changes in response to day length in this species.
In experiment 1, offspring sex was documented at 21 d of age, making it unclear whether observed skews were due to physiological manipulations of offspring production or postnatal manipulations of offspring survival. Consequently, an additional experiment was conducted to gain insight into when the sex ratio skews took place in development.
In experiment 2, we tested the hypothesis that offspring sex ratios are skewed by hamsters before parturition. As predicted, offspring produced by SD females were 65% male, again differing from a random sex ratio as in experiment 1. As predicted, the documented skew occurred in offspring before parturition, suggesting that the observed sex ratio skews result from a mechanism that occurs either before conception or in utero. Finally, litter sizes in utero were statistically similar to those produced by the same females in litters 1 and 2, suggesting that sex ratio skews do not result from differential mortality either before or after parturition.
The data presented here have a unique strength because sex ratios were documented in two different contexts (prenatal and postnatal) from offspring of the same females throughout the two experiments. This allowed observation of how sex ratios are manipulated in response to a change in photoperiod and pinpointing where in offspring development the skew is occurring. While the performance of these studies in different individuals may have provided more power for the studies conducted here, this study is novel in that it represents an experimental approach that allowed us to single out one influential environmental cue, determine whether that cue has repeated effects on offspring sex ratios, and pinpoint at what point in development those effects are taking place.
Several possible mechanisms exist by which mammals may skew sex ratios (Krackow 1995) . First, hamster pairs may utilize a behavioral mechanism by which female offspring are preferentially killed postpartum. Indeed, killing and consuming offspring among hamsters is well documented throughout lactation (Vella et al. 2005) . However, the male-biased SD litters collected at 21 d of age were not smaller than the unbiased LD litters collected at the same age. In addition, SD weanling litters did not differ in size from litters collected in utero either. Thus, it is unlikely that female offspring were preferentially killed after birth relative to male offspring. A second possibility is selective abortion or embryo resorption, in which females are preferentially discarded in utero, that may occur either early or late during pregnancy (Krackow 1995) . If female offspring were preferentially aborted, then we would expect litter sizes to be smaller when sex ratios are skewed. However, the litter-size data mentioned above refutes this hypothesis as well. Male-biased litters were not smaller than unbiased litters during experiment 1. In addition, most offspring in experiment 2 were collected fairly early on in development (approximately day 8.5 after conception), when the embryos were very small. Sex ratios were already skewed at this early stage of development, suggesting that the skew occurred at least before that point. These data indicate that sex ratios are likely manipulated soon after implantation, before blastocyst implantation, or perhaps even before fertilization. Several mechanisms have been proposed for the manipulation of mammalian sex ratios before birth (Krackow 1995) ; such a mechanism does not necessarily lie with the female but may instead lie with the male (Hornig and McClintock 1996; Gomendio et al. 2006) . Future studies are needed to determine the exact mechanism involved in the manipulation of mammalian sex ratios at very early developmental stages.
Seasonal variation in sex ratio has been observed in other rodent species, such as meadow voles (Microtus pennsylvanicus; McShea and Madison 1986) , in which more males were recruited during the fall months compared with the spring, and wild and laboratory stocks of house mice (Mus domesticus ; Drickamer 1990) , where litters were more male biased during the winter months. In addition, related work in meadow voles shows that melatonin treatments, which simulate a normal physiological response to SDs, stimulate prenatal sex ratio skews (Gorman et al. 1994) , and maternal melatonin levels have been shown to program reproductive development of offspring in utero . Thus, mechanisms appear to exist that would allow photoperiod changes, through melatonin secretion, to alter the offspring sex ratios produced.
Our study identifies photoperiod as a potential driving cue of seasonal sex ratio adjustment. The precise physiological cues responsible for such adjustment of sex ratios in SDs remains unknown. The many studies examining physiological and endocrinological differences induced by exposure to SDs in hamsters and other rodent species may provide some insight into how SDs are translated into a male-biased sex ratio. For example, females maintained in SDs have significantly elevated circulating corticosterone concentrations and produce significantly more corticosterone in response to a challenge with ad-renocorticotropic hormone (Bilbo and Nelson 2003) . Maternal stress has been shown to affect offspring sex ratios in a variety of mammalian species, including rodents (Lane and Hyde 1973) . SDs also stimulate gonadal regression, likely driven by changes in GnRH release (Glass 1986) , and gonadotropin action may play a role in determining offspring sex ratios in mammals (James 1996) . Finally, Siberian hamsters exposed to SDs or melatonin injections that mimic such exposure showed metabolic changes that result in decreased bodyweight and lipid mass (Bartness et al. 2002) . A well-known hypothesis by Trivers and Willard (1973) concerning sex ratio adjustment suggests that sex ratios should vary with maternal condition. However, this hypothesis predicts-and most results concerning rodents have shown-that low food availability and/or maternal condition result in fewer male offspring (Meikle and Drickamer 1986; Meikle and Thornton 1995; Labov et al. 2004) , which is the opposite of what we found here.
It is still unclear whether females that breed in SDs exhibit the hormonal and metabolic changes discussed above, because breeding females do not exhibit the outward phenotypic changes normally associated with SDs, such as a transition to a white pelage and gonadal regression. Instead, SD females seem to delay these phenotypic changes until breeding ceases (J.L. Workman, personal observation; Hegstrom and Breedlove 1999) . However, we still see a SD-driven male bias in offspring sex ratios. In addition, it generally takes approximately 8 wk for the conversion to SD phenotypes to be completed, whereas we saw sex ratio differences after only 3 wk. Perhaps photoperiod acts on offspring sex ratios independently of the suite of physiological changes that occur on a seasonal basis.
Many adaptive hypotheses have been generated in an attempt to explain why seasonal changes in environmental conditionspecifically, the winter decrease in resource availability and energetic constraints-may affect offspring sex ratios (Wright et al. 1995; Leimar 1996; Wild and West 2007 ; also reviewed in Sykes 2007) . The only way to truly determine the adaptive significance of a potential reproductive strategy is to link the strategy experimentally with an overall increase in fecundity and demonstrate selection for that strategy. Because very little is known about the behavior of Siberian hamsters in the wild, a discussion of how these results fit in with current adaptive sex allocation theories is beyond the scope of this article. However, our data suggest a potential for the existence of an adaptive strategy of sex ratio adjustment in response to photoperiod. West and Sheldon (2002) suggested that a major constraint on the evolution of sex ratio adjustment is environmental predictability. In a seasonal context, we would not expect animals to wait until resources are already limited before altering reproductive strategies. Photoperiod is a stable, reliable cue that signals impending winter conditions well in advance, providing the environmental predictability necessary for sex ratio adjustment to evolve in this and other temperate species. More work is needed to explore the adaptive significance of this strategy in Siberian hamsters.
We have documented the presence of a repeatable, plastic physiological mechanism for altering the sex of offspring in relation to photoperiod, a salient seasonal cue. Despite previous evidence of seasonal variation in offspring sex ratios, to our knowledge this is the first documentation that day length plays a direct role in vertebrates. In addition, by uncovering such a cue, we provide an excellent experimental system in which to study the mechanisms underlying sex ratio manipulation. Future studies should address the specific mechanisms by which sex ratio adjustment occurs in response to day length, how sex ratios vary in Siberian hamsters maintained in changing day lengths (as compared with our static approach), and how sex ratio adjustment affects fecundity in the wild.
